The carotenoid composition of strawberry tree (A. unedo) fruits has been characterised in detail and quantified for the first time. According to the total carotenoid content (over 340 µg/g dw), mature strawberry tree berries can be classified as fruits with very high carotenoid content (> 20 µg/g dw). (all-E)-Violaxanthin and 9Z-violaxanthin were found to be the major carotenoid pigments, accounting for more than 60%, responsible for the bright colour of the flesh of ripe fruits. In addition other 5,6-epoxide carotenoids, such as (all-E)-neoxanthin, (9'Z)-neoxanthinn (all-E)-antheraxanthin and lutein 5,6-epoxide, together with (all-E)-lutein, (all-E)-zeaxanthin and (all-E)-β-carotene were found at high levels (> 5-20 µg/g dw). The LC-MS (APCI+) analysis of the xanthophyll fraction in their native state (direct extract) revealed that most of them (> 90%) were totally esterified with saturated fatty acids (capric, lauric, myristic, palmitic and stearic).
Introduction
The strawberry tree (Arbutus unedo L.) is an evergreen tree, usually smaller than in our laboratory suggested that the carotenoid composition of strawberry tree fruits is not as simple as shown in previous studies. Thus, in the first known work about the carotenoid composition of A. unedo, Schön (1935) described the presence of three major carotenoids (violaxanthin, cryptoxanthin and β-carotene) and traces of lycopene and α-carotene, whereas the incomplete characterization performed in other recent studies concluded that β-carotene is major and single carotenoid found in these fruits (Alarcão-E-Silva, Leitão, Azinheira, & Leitão, 2001) or sometimes accompanied by small amounts of lycopene (Barros et al., 2010; Ruiz-Rodríguez et al., 2011) as well as lutein and zeaxanthin (Pallauf et al., 2008) . Most of these studies lack of an adequate identification of the reported carotenes and xanthophylls, which underline the necessity of a detailed characterization of the carotenoid profile of strawberry tree fruits.
Plant carotenoids (carotenes and xanthophylls) are C 40 isoprenoids having a polyene skeleton consisted of a long conjugated double bound system, which constitutes the chromophore responsible for the attracting colour that these pigments conferred to most fruits and vegetables. About 750 carotenoids have been described in nature (Britton, Liaaen-Jensen, & Pfander, 2004) . Carotenoids are essential components of the photosynthetic apparatus and are involved in the light harvesting process, as well as in the photo-protection mechanisms of plants. Animals are unable to synthesize de novo carotenoids, and therefore they need to be incorporated from the diet, and important biological activities are derived from the ingested carotenoids: antioxidant, provitamin A activity (β-carotene, α-carotene, β-cryptoxanthin, etc), inhibition of carcinogenesis, enhancement of the immune response and cell defence against reactive oxygen species and free radicals, and the reduction on the risk of developing cardiovascular and other degenerative diseases. Epidemiological studies have shown a direct correlation between the progression of age-related macular degeneration (AMD) and cataracts and the high intake of lutein and zeaxanthin rich-vegetables (Britton, Liaaen-Jensen, & Pfander, 2009) The growing interest in the role of dietary phytonutrients, such as carotenoids, in human health has increased the searching for new natural sources, including many underutilized wild fruits and vegetables which may serve as biological sinks of phytochemicals with nutritional properties and health benefits (Cortés Sánchez-Mata, Cabrera Loera, Morales, Fernández-Ruiz, Cámara, Díez-Marqués, Pardo-de-Santayana, & Tardío, 2012; Ruiz-Rodríguez, Sánchez-Moreno, de Ancos, Cortés Sánchez-Mata, Fernández-Ruiz, Cámara, & Tardío, 2014; Morales, Ferreira, Carvalho, Fernández- Ruiz, Cortés Sánchez-Mata, Cámara, Morales, & Tardío, 2013) . In the case of strawberry tree fruits, very few studies have been performed with the aim of providing information about quality traits (agronomical, morphological, chemical and genetics) to be used in the selection of varieties for extensive cultivation and breeding programs, as well as to improve their commercial value (Sulusoglu, Cavusoglu, & Erkal, 2011; Celikel et al., 2008; Mulas et al., 1998; Takrouni & Boussaid, 2010; Molina et al., 2011) . In order to contribute to the phytochemical characterization of strawberry tree fruits, the aim of the present study was to carry out the detailed identification and quantification of the carotenoid pigments responsible for the characteristic yelloworange colour of the flesh of A. unedo fruits. In addition, the effect of the fruit maturation state on the carotenoid composition of fully developed fruits has also been investigated.
Materials and methods

Plant material and sample preparation
Fully mature strawberry tree fruits were collected during the autumn and winter from trees at the Sierra Norte de Sevilla Natural Park (Sevilla, Spain; . In addition fruits at four different stages of ripening (based on the external colour: green, yellow, orange and red) were also harvested ( Table 1) . Samples were taken to the laboratory in the same day of harvesting, frozen in liquid nitrogen and subsequently freeze-dried (lyophilized). The dry samples were ground in a mortar and kept in sealed plastic bags at -80 ºC until the extraction and analysis of pigments. The relative moisture content (%) of the fresh samples was measured in triplicate by using an Ohaus moisture balance model MB35 (Ohaus, Switzerland).
Chemicals and reagents
HPLC grade acetone, n-heptane, methanol and toluene were supplied by BDH Prolabo (VWR International Eurolab, SL, Barcelona; Spain). HPLC grade deionized water was produced with a Milli-Q 50 system (Millipore Iberica SA, Madrid, Spain).
Diethyl ether (containing 7 ppm BHT) and N,N-dimethylformamide were purchased from Scharlau (Scharlab, SL, Barcelona, Spain). Heptadecanoic acid, butylated hydroxytoluene (BHT), 2,2-dimethoxypropane, and fatty acid methyl ester (FAME) standard mixtures were purchased from Sigma-Aldrich Quimica, SA (Madrid, Spain).
The rest of the reagents were all of analytical grade. Plates of silica gel 60 GF 254 (20 x 20 cm plates, 0.7 mm thickness; supplied by Merck, Darmstadt, Germany) were used for TLC analysis.
Extraction of carotenoids
Pigment extraction was performed in accordance with the method developed by Fernandez-Orozco, Gallardo-Guerrero, & Hornero-Méndez (2013) . Briefly, 1.5 g of the lyophilized sample was placed in a round-capped polypropylene 50-mL centrifuge tube, and extracted with 20 mL of N,N-dimethylformamide (DMF) saturated with MgCO 3 by using an Ultra-Turrax T-25 homogenizer at maximum speed (24,000 rpm) for 1 min.
Subsequently, the mixture was centrifuged at 4,500 ×g for 5 min at 4 ºC, and the extracted pigments, contained in the DMF, were collected. The extraction operation was repeated trice more with the pellet, and the DMF fractions were pooled in a separation funnel. Pigments were transferred to diethyl ether (80 mL) by adding 90 mL of 10% (w/v) NaCl solution saturated with MgCO 3 at 4 ºC. The mixture was vigorously shaken and allowed to stand until complete separation of phases. The lower phase (aqueous DMF) was re-extracted with diethyl ether (50 mL), and the ether fractions were pooled and washed with 50 mL 2% (w/v) Na 2 SO 4 solution. The extract was filtered through a solid bed of anhydrous Na 2 SO 4 , and the solvent was evaporated under vacuum in a rotary evaporator at 30 ºC. The pigments were dissolved in 1 mL of acetone (containing 0.1% BHT), and an aliquot of 200 µL (direct extract) was kept and stored at -30 ºC for the analysis of xanthophyll esters and chlorophylls. The rest (800 µL) of the sample extract was transferred to a round-capped polypropylene 15-mL centrifuge tube, evaporated under a stream of nitrogen and submitted to a micro-scale saponification procedure (Delgado-Pelayo & Hornero-Méndez, 2012 ) by the addition of 2 mL of diethyl ether and 1 mL of 10% (w/v) KOH-methanol, which were left to react for 40 min at room temperature under nitrogen atmosphere and with periodic shaking. The organic phase was washed several times with distilled water until the washings were neutral, washed with 2% (w/v) Na 2 SO 4 solution and filtered through with an anhydrous Na 2 SO 4 bed. The solvent was evaporated to dryness and the dry extract (saponified extract) was dissolved with 1 mL of acetone for subsequent chromatographic analysis.
Samples were centrifuged at 13,000 ×g for 5 min at 4 ºC prior to the chromatographic analysis, which it was carried out in the same day of the preparation of the extracts. All operations were made under dimmed light to prevent isomerization and photodegradation of pigments. Samples were analysed in triplicate (n=3).
Pigment identification
Routine procedures were used for the identification of pigments (carotenoids and chlorophylls), which consisted of: separation and isolation of pigments by TLC and cochromatography (TLC and HPLC) with pure standards, analysis of the UV-visible and mass spectra, and comparison with the literature values (Britton, 1991; Britton, 1995; Britton, Liaaen-Jensen, & Pfander, 2004 ; Mínguez-Mosquera, Gandul-Rojas, Gallardo- (Britton, 1991) .
The identification of Z isomers was based on the presence and relative intensity (%A B /A II ) of the "cis peak" at about 330-340 nm in UV-visible spectrum, a reduction in the fine structure and a small hypsochromic shift in λ max with respect to the all-E counterpart, and the chromatographic behaviour in the C18 HPLC column (the Z isomers show slightly longer retention times than the all-E isomer) (Britton, 1995) . 
Quantitative HPLC analysis of pigments
The HPLC method developed by Mínguez-Mosquera and Hornero-Méndez Barcelona, Spain), fitted with a guard column of the same material (10 mm × 4.6 mm), was used. Separation was achieved by a binary-gradient elution using an initial composition of 75% acetone and 25% deionised water, which was increased linearly to 95% acetone in 10 min, then hold for 7 min and raised to 100% in 3 min, and maintained constant for 10 min. Initial conditions were reached in 5 min. Column and sample compartments were maintained at 25 ºC and 15 ºC, respectively. An injection volume of 10 µL and a flow rate of 1 mL/min were used. Detection was performed at 450 nm, and the online spectra were acquired in the 330-700 nm wavelength range with a resolution of 1.2 nm. Detection was performed simultaneously at 402, 430, 450, 645 and 666 nm, and the online spectra were acquired in the 330-700 nm wavelength range with a resolution of 1.2 nm. Chlorophylls and esterified xanthophylls were quantitated in the direct extracts, whereas individual carotenoids were quantitated in the saponified extract. Calibration curves (up to eight concentration levels) were prepared with standard stock solutions for each carotenoid and chlorophyll in the concentration range 5-100 µg/mL. Calibration curves were constructed by plotting the peak area (at 402 nm for auroxanthin; at 450 nm for lutein, zeaxanthin, β-cryptoxanthin, violaxanthin, neoxanthin, neochrome and β-carotene; at 645 nm for chlorophyll b; at 666 nm for chlorophyll a) versus the pigment concentration. Antheraxanthin and luteoxanthin were quantified by using the calibration curves of zeaxanthin and neochrome, respectively.
The concentration of xanthophyll ester fractions (sum of partially and totally esterified) was estimated by using the calibration curve of free violaxanthin due to the main occurrence of this pigment within the esterified fraction as deducted from the online UV-visible spectra (the esterification of xanthophylls with fatty acids does not modify the chromophore properties; Britton, 1995) . Analogously, the quantification of the Z isomers was performed by using the calibration curve of the all-E counterpart.
Concentration values were calculated as µg of pigment per gram of dry sample weight (µg/g dw).
Liquid Chromatography -Mass Spectrometry (LC-MS (APCI+))
LC-MS was performed with the same chromatographic system (HPLC-DAD) described above, by coupling a Micromass ZMD4000 mass spectrometer equipped with a single quadrupole analyzer (Micromass Ltd, Manchester, United Kingdom) and an APCI (Atmospheric Pressure Chemical Ionisation) probe to the outlet of the DAD detector. The system was controlled with MassLynx 3.2 software (Micromass Ltd, Manchester, United Kingdom). The mass spectrometer condition parameters were: positive ion mode (APCI+); source temperature, 150 ºC; probe temperature, 400 ºC; corona voltage, 3.7 kV; high voltage lens, 0.5 kV; and cone voltage, 30 V. Nitrogen was used as the desolvation and cone gas at 300 and 50 L/h, respectively. Mass spectra were acquired within the m/z 300-1200 uma range. The chromatographic conditions were the same as described for quantitative analysis of pigments.
Analysis of fatty acids by Gas Chromatography
Fatty acids methyl esters (FAMEs) were prepared for the analysis of fatty acid profile of strawberry tree fruits. Extraction and gas chromatographic analysis of FAMEs was carried out according to the method of Garcés & Mancha (1993) . Briefly, 0.5 g of lyophilized sample was placed in a glass tube with Teflon caps together and 100 µL of heptadecanoic acid (C17:0) 20.0 mg/mL were added as internal standard. Subsequently, Quantitative determination was performed using the area of the internal standard.
Analyses were carried out in triplicate.
Statistical analysis
The compositional data were expressed as mean and standard deviation (SD).
The existence of significant differences between means was determined by one-way ANOVA, followed by a post-hoc test of mean comparison with the Tukey's Honestly Significant Difference (HSD) test for a confidence level of 95% (p<0.05) by using the STATISTICA 6.0 software (StatSoft Inc.). (monoesters in the case of a dihydroxy-xanthophyll, i.e. lutein) acylated with common saturated fatty acids, such as lauric, myristic, palmitic and estearic acids, have shorter retention times than β-carotene, and the totally esterified forms (monoester for a monohydroxy-xanthophyll -i.e. β-cryptoxanthin -and diester for a dihydroxyxanthophyll), are more retained than β-carotene due to their lower polarity and stronger interactions with the stationary phase. The identification of individual free carotenoids was carried out in a first instance in the saponified extracts, and in a second phase the esterified forms of the xanthophylls, and the presence of some chlorophylls, were investigated in the direct extracts (non-saponified) in order to determine and characterise for the first time the native carotenoid composition in fruits of A. unedo. Table 2 summarises the identification for each major chromatographic peak (see Figure   S3 in the Supplementary material for the corresponding chemical structures). In total fifteen carotenoids, including some geometrical cis-trans (Z/E) isomers, were identified in the saponified extract.
Peaks 1 (Rt=5.81 min) and 2 (Rt=6.10 min) were identified as (all-E)-neoxanthin and (9'Z)-neoxantin, respectively. The UV-visible spectrum of peak 1, with λ max at 419, 444, 472 nm, and the characteristic pronounced fine structure (%III/II=99) was in agreement with a chromophore consisted of nine conjugated double bonds and at least one β-ring, and data reported in the literature (Britton, 1995) . In contrast, peak 2 presented an UV-visible spectrum with maxima shifted to lower values (hypsochromic shift), a less marked fine structure and the appearance of a `cis peak´ at 328 nm (328, 415, 439, 468 nm; %III/II=91). Both peaks disappeared upon treatment of the saponified extract with diluted HCl (epoxide test), with the subsequent formation of a new peak, corresponding to neochrome (peak 3; Rt=6.53 min), generated by the acidcatalyzed rearrangement of one 5,6-epoxy group. Neochrome was detected in the saponified extract at very low levels. The UV-visible spectrum of neochrome showed indicates the presence of at least one 5,6-epoxy group (Britton, 1991) . The epoxide test for both chromatographic peaks derived in the formation of new ones generated by the acid-catalyzed rearrangement of the 5,6-epoxy groups, which showed the characteristic hypsochromic shift in the UV-visible spectra (Eugster, 1995) . Taking into consideration the chromatographic and spectroscopic properties, peak 6 (Rt=8.17 min) was identified as luteoxanthin, whereas peak 8 (Rt=8.80 min) was assigned as auroxanthin. As in the case of neochrome, luteoxanthin and auroxanthin were detected at trace levels in the saponified extract. (Britton, 1991) . The co-elution of peak 7 with the authentic sample of antheraxanthin confirmed the identification.
Peak 9 was tentatively identified as lutein 5,6-epoxide by means of cochromatography with the standard prepared in the laboratory and the comparison of the spectroscopic properties with the data reported in the literature.
The chemical, chromatographic and spectroscopic properties of peak 10 (Rt=9.35 min) were in agreement with those for (all-E)-zeaxanthin. The UV-visible spectrum, with λ max at 428, 454, 481 nm, and a low spectroscopic fine structure (%III/II=18), indicated a chromophore structure comprised by nine conjugated double bonds and two β-ring (Britton, 1995 (all-E)-Lutein (peak 11, Rt=9.56 min) was in first instance identified by cochromatography with a standard lutein sample isolated from spinach leaves. The UVvisible spectrum showed λ max at 423, 450, 476 nm and a marked spectroscopic fine structure (%III/II=70), in accordance with a chromophore with nine conjugated double bonds and presumably one β-ring and one ε-ring (Britton, 1995) . (all-E)-β-Carotene (peak 17; Rt=20.68 min) was identified straightforward by comparing, both the chromatographic and the spectroscopic properties with the standard samples and the literature data (Britton, 1995; Britton, Liaaen-Jensen, & Pfander, 2004) . The quantitative analysis of mature A. unedo fruits ( Table 2 ) revealed a total carotenoid content of 343.4 ± 17.8 µg/g dw with (all-E)-violaxanthin and (9Z)-violaxanthin as the major carotenoids (123.5 ± 5.9 and 87.8 ± 5.7 µg/g dw, respectively), accounting for more than 60%, followed by other 5,6-epoxide-containing xanthophylls such as (all-E)-neoxanthin (26.4 ± 1.8 µg/g dw), (9'Z)-neoxantin (24.6 ± 1.9 µg/g dw), (all-E)-antheraxanthin (18.9 ±1.5 µg/g dw) and lutein 5,6-epoxide (20.5 ± 0.9 µg/g dw). Nutritionally important carotenoids such as lutein, zeaxanthin and β-carotene were found also found at important concentration levels (5-20 µg/g dw).
Xanthophylls with 5,8-epoxide (furanoid) groups, such as neochrome, luteoxanthin, auroxanthin and mutatoxanthin were observed at very low concentration levels or even not detected. Therefore, according to Britton and Khachik (2009) the mature fruits of A.
unedo can be classified as a very high (> 2 mg/100g) or high (0.5-2 mg/100g) carotenoid-containing natural source, at both individual and total carotenoid contents.
As stated in the introduction these data are much higher than those from previous works (Barros et al., 2010; Pallauf et al., 2008; Ruiz-Rodríguez et al., 2011) in which the total carotenoid concentration ranged from 0.5 to 11 µg/g fw (1.2-27.5 µg/g dw, assuming a moisture content of 60%). A partial extraction of carotenoid pigments together with an inadequate characterization of the individual profile seems to be the reason for these lower values.
Identification of esterified xanthophylls
As deducted from the chromatogram corresponding to the direct extract, the main native state of the xanthophylls in A. unedo fruits was esterified, especially as totally esterified. The structural assignment of the carotenoid esters, including the acyl moiety, was performed by liquid chromatography mass spectrometry (LC-DAD-MS(APCI+)) analysis. The acylation of a xanthophyll with fatty acids does not modify the chromophore and its light absorption properties, and therefore the UV-visible spectrum of the acylated carotenoid is identical to the spectrum of the free pigment (Britton, 1995) . 
Effect of ripening on the carotenoid profile
Given the fact that the A. unedo fruits take the whole year to ripen, the tree bears fruits at different growing and ripening stages at the same time. In order to investigate the effect of ripening on the carotenoid profile of fully developed fruits, berries at four maturation stage according to external colour (green, yellow, orange and red) were harvested and analysed. As summarised in Table 4 , whereas the chlorophyll pigments content markedly and progressively decreased from the green to red stage, the carotenoid concentration remained constant (p<0.05) for the four ripening stages.
Xanthophylls were mostly in the esterified state, and the degree of esterification increased throughout the ripening process from 88 to 95 % for the green and red fruits, respectively. Analogously, the ratio between totally and partially esterified xanthophylls increased from 4.3 to 12.5, for the green and red fruits, respectively, indicating an active esterification process.
Conclusions
The carotenoid composition from strawberry tree (A. unedo) fruits has been identified in detail and quantified for the first time. The carotenoid profile was mainly composed by violaxanthin (all-E and 9Z isomers) and neoxanthin (all-E and 9'Z isomers), followed by lower amounts of antheraxanthin, lutein, zeaxanthin, β-cryptoxanthin and β-carotene. The analysis of the xanthophyll fractions in their native state (direct extract), by means of LC-MS (APCI+), revealed that most of them were totally esterified with saturated fatty acids (capric, lauric, myristic, palmitic and stearic). present in the direct extract of strawberry tree fruits. References for peaks as in Figure 1 and Table 3 . (Note: the loss of H 2 O epox refers to the water fragmentation from the 5,6-epoxide group). Table S1 . Fatty acids composition of the total lipids from strawberry tree (Arbutus unedo L.) fruits. Table 4 . Changes in the concentration (µg/g dw)* of carotenoid (free and esterified) and chlorophyll pigments in strawberry tree fruits at different stages of ripening selected according to external colour of the fruits.
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